Many measurements were made for radiation dose rates at monitoring posts and the deposition densities of radionuclides on the ground in eastern Japan just after the Fukushima Daiichi Nuclear Power Plant (FD1NPP) accident on March 11, 2011[@b1][@b2][@b3][@b4][@b5]. In contrast, a time series of atmospheric radionuclide concentrations in an early period after the accident has not been found in the Fukushima Prefecture (FP), and little data were found in the Tokyo Metropolitan Area (TMA)[@b6][@b7]. Consequently, the estimated time-series release rates of radionuclides from the FD1NPP just after the accident are largely uncertain[@b8][@b9][@b10][@b11][@b12][@b13][@b14], because only radiation dose rates and/or the very limited data of atmospheric radionuclides have been available. In addition, atmospheric radionuclide concentrations simulated at a regional/global scale by atmospheric transport models with a source term, have also large uncertainty, due to a lack of observed data for validation[@b15][@b16][@b17][@b18][@b19][@b20][@b21][@b22][@b23][@b24]. Furthermore, the estimates of internal radiation dose rates from inhalation for health risk assessments have resulted in much uncertainty[@b25][@b26][@b27][@b28][@b29][@b30], because initial atmospheric radionuclide concentrations have not been found for inhalation. Although the observed deposition densities of radionuclides on the ground were used to estimate internal radiation doses in some cases[@b25][@b28], the time integrated atmospheric radionuclide concentrations for inhalation[@b31] derived from these estimates would be substantially underestimated if the polluted air masses passed without precipitation.

In the meantime, suspended particulate matter (SPM) mass concentrations are routinely measured at air quality monitoring sites in Japan, which are mainly located in urban/industrial areas as directed by the national air pollution control act ([Fig. 1a](#f1){ref-type="fig"}). We obtained used filter tapes on which SPM was collected every hour by SPM mass monitors, from more than 400 sites in eastern Japan. Then, to retrieve the hourly transport of the polluted air masses with high radioactive material concentrations, the radionuclides were measured for about 6300 samples of hourly SPM at 16 and 24 sites in the FP and TMA, respectively, between March 12 and March 23, 2011 just after the accident ([Fig. 1b and c](#f1){ref-type="fig"}). As a result, 37 data sets of ^137^Cs concentrations from 40 SPM sites were studied ([Table S1](#s1){ref-type="supplementary-material"}). In this paper, only the atmospheric ^137^Cs concentrations are shown, because the activity of ^134^Cs was nearly equal to that of ^137^Cs in the FD1NPP accident, and ^131^I was not detected after more than one year due to its short half-life of 8 days.

Results
=======

The atmospheric ^137^Cs concentrations more than 10 Bq m^−3^ were frequently measured at the SPM sites in the period of March 12--23 except two days when westerly winds were prevailing to transport the polluted air masses over the Pacific Ocean (on March 14 and on March 17). The period of high ^137^Cs concentrations was categorized into 9 plumes/polluted air masses in the chronological order (P1 to P9), as shown in [Table 1](#t1){ref-type="table"}. And three areas were also shown according to the transport pathways of atmospheric ^137^Cs, (1) transport only to northern Hamadori located along the east coast of the FP in P1 (March 12--13), and P5 and P6 (March 18--19), (2) transport to Nakadori located in the central FP and northern Hamadori in P3 (March 15--16) and P8 (March 20--21), and (3) transport to the TMA in P2 (March 15), P4 (March 16), P7 (March 20), and P9 (March 21). For these periods, the spatio-temporal distributions of atmospheric ^137^Cs were studied, with the peak ^137^Cs concentrations and the duration of high ^137^Cs concentrations (\> 10 Bq m^−3^) in the polluted air masses. Data analysis was not conducted for the period of March 22--23, because atmospheric ^137^Cs concentrations did not exceed around 10 Bq m^−3^ at most of the SPM sites. In addition, the dataset from 3 sites in Aizu, the western FP (K-M, in [Fig. 1b](#f1){ref-type="fig"}) were not analyzed in detail due to the low ^137^Cs concentrations (\< 13 Bq m^−3^).

P1 (March 12-13): Transport to northern Hamadori
------------------------------------------------

The first plume detected after the accident in this study was transported to northern Hamadori along the coast by a southerly wind, several hours after the hydrogen explosion occurred at reactor unit 1 at 15:36 (JST) on March 12[@b32] ([Fig. 2](#f2){ref-type="fig"}). The ^137^Cs concentration at site J, 25 km north of the FD1NPP, suddenly increased to more than 100 Bq m^−3^ for 7 hours after 21:00 with a maximum concentration of approximately 575 Bq m^−3^ at 22:00 and 23:00. This finding is consistent with the highest radiation dose rate of 12--20 µSv h^−1^, which was observed at the Minami-soma monitoring post near site J[@b33] ([Fig. 2b](#f2){ref-type="fig"}). At approximately 0:00 on March 13, maximum ^137^Cs concentrations of 180 and 140--150 Bq m^−3^ were observed at the I and H sites, respectively. However, after another hydrogen explosion from reactor unit 3 at 11:01 on March 14[@b32], no increases in the ^137^Cs concentration were detected at sites H-J due to a strong westerly wind.

P2 (March 15): Transport to Tokyo Metropolitan Area
---------------------------------------------------

On the morning of March 15 when northeasterly wind prevailed with no precipitation, the polluted air masses were transported to the TMA. And high ^137^Cs concentrations with a maximum of 153 Bq m^−3^ were observed at site 11 ([Fig. 1c](#f1){ref-type="fig"}) between 8:00 and 11:00 ([Fig. 3a to c](#f3){ref-type="fig"} and [Fig. S1](#s1){ref-type="supplementary-material"}). The polluted air masses, however, seemed to be partly transported southwestward and partly transported westward, because the wind direction in the west TMA quickly shifted clockwise.

P3 (March 15-16): Transport to Nakadori and Northern Hamadori
-------------------------------------------------------------

On March 15, radioactive materials were directly transported from the FD1NPP to Nakadori in the FP along the Abukuma highlands located at the east of Nakadori by a northeasterly wind in the morning and a southeasterly wind in the afternoon ([Fig. 4](#f4){ref-type="fig"}). The time of the maximum ^137^Cs concentration shifted from early afternoon in southern Nakadori (Site C to G) to the night in northern Nakadori (site A and B) ([Fig. 4a](#f4){ref-type="fig"} and [Fig. S2](#s1){ref-type="supplementary-material"}). At G, the southernmost site of Nakadori, the ^137^Cs concentration increased after 9:00, and reached its maximum at 12:00 due to the transport of large amounts of radioactive materials that were released from reactor unit 2 in the early morning[@b32]([Fig. 4a and b](#f4){ref-type="fig"}). Among all sites at Nakadori, a maximum ^137^Cs concentration of 330 Bq m^−3^ was found at site E at 13:00, when no precipitation was observed. However, at site A, the northernmost part of Nakadori, the ^137^Cs concentration began to increase from 18:00 and remained high at approximately 10 Bq m^−3^ until 3:00 in the following morning ([Fig. 4c](#f4){ref-type="fig"}). At the same time, radiation dose rates increased up to 14--16 µSv h^−1^ due to the deposition of radioactive materials by precipitation ([Fig. 4d](#f4){ref-type="fig"}). According to the horizontal wind distribution at 1000 hPa, the polluted air masses were transported to the Fukushima basin ([Fig. S2](#s1){ref-type="supplementary-material"}) from the FD1NPP first by a southeasterly wind in the early afternoon. Then, the polluted air masses turned to be transported to site A in the evening by a northeasterly wind. During the night, the polluted air masses were trapped in the Fukushima basin under calm conditions until a strong northwesterly wind began to blow. However, the maximum ^137^Cs concentration in the north was much lower than that in the south ([Fig. 4b and c](#f4){ref-type="fig"}). In the Fukushima basin, precipitation of 1--2 mm h^−1^ was observed from 17:00 on March 15 to 03:00 on March 16 ([Fig. 4d](#f4){ref-type="fig"}). Hence, the deposition of a large amount of ^137^Cs on the ground by precipitation could explain the lower atmospheric ^137^Cs concentrations in the north relative to those in the south.

P4 (March 16): Transport to eastern part of Tokyo Metropolitan Area
-------------------------------------------------------------------

In the east coast area of the TMA, the ^137^Cs concentration increased during 07:00--11:00 to show the maximum of 180 Bq m^−3^ at two SPM sites (15 and 22 in [Fig. 1c](#f1){ref-type="fig"}) at 9:00 and 10:00 on the morning of March 16, when a northerly wind prevailed ([Fig. 3d](#f3){ref-type="fig"} and [Fig. S3](#s1){ref-type="supplementary-material"}). The west edge of the plume extended to the central TMA where the boundary of the two different wind directions was located. How the plume was transported from the FD1NPP is to be studied in future.

P5 and P6 (March 18-19): Transport to northern Hamadori
-------------------------------------------------------

In northern Hamadori, the second highest ^137^Cs concentration with the maximum of 440 Bq m^−3^ at site J (P5) was detected from 16:00 to 21:00 on March 18, when a southerly wind prevailed ([Fig. 5](#f5){ref-type="fig"}). Furthermore, another peak of ^137^Cs concentration of 100 to 200 Bq m^−3^ (P6) occurred at three SPM sites from 11:00 to 12:00 on March 19 ([Fig. 5](#f5){ref-type="fig"}). The other increase (P8) which occurred on the night of March 20 will be discussed later.

P7 (March 20): Transport to Tokyo Metropolitan Area
---------------------------------------------------

On the afternoon of March 20, the polluted air masses with high ^137^Cs concentrations \<40 Bq m^−3^ (P7) were transported from the east coast of the TMA to the foot of mountainous area in the western TMA, when an easterly wind prevailed ([Fig. 6a to c](#f6){ref-type="fig"} and [Fig. S4](#s1){ref-type="supplementary-material"}). The air masses would be more aged than P2 and P4, because its width was about 40 km, equal to that of the easterly wind, and the maximum ^137^Cs concentration was around 40 Bq m^−3^. How the polluted air masses were transported from the FD1NPP is also to be studied in future.

P8 (March 20--21): Transport to Nakadori and northern Hamadori
--------------------------------------------------------------

In the period of March 20--21, the maximum ^137^Cs concentration in Nakadori was firstly observed in the north on the early afternoon of March 20, due to the stronger southeasterly wind from the FD1NPP compared to that in P3 ([Fig. 7a to c](#f7){ref-type="fig"} and [Fig. S5](#s1){ref-type="supplementary-material"}). The high ^137^Cs concentrations of 10--49 and 10--68 Bq m^−3^ lasted for 16 and 18 hours throughout the night at sites A and B, respectively ([Fig. 7c](#f7){ref-type="fig"}). As well as P3, these high concentrations occurred because the polluted air masses were likely trapped under the calm conditions until a strong northwesterly wind began to blow them out in the following morning ([Fig. 7d](#f7){ref-type="fig"}). These data revealed that the polluted air masses with high atmospheric ^137^Cs concentrations remained in the populated area of Nakadori for more than half a day. In the south, however, the ^137^Cs concentration only increased to 10 Bq m^−3^ due to a southeasterly wind in the early afternoon, and reached a maximum of approximately 80 Bq m^−3^ at night just after the surface wind direction shifted from the south to the north ([Fig. 7a](#f7){ref-type="fig"}). Consequently, the maximum ^137^Cs concentrations in Nakadori were observed later towards the south, and which was opposite compared with the P3 period ([Fig. S3](#s1){ref-type="supplementary-material"}). The enhancement of atmospheric ^137^Cs concentrations in Nakadori in P8, however, could not be detected by the radiation dose rates at the monitoring site, because they did not increase due to no precipitation ([Fig. 7d](#f7){ref-type="fig"}). The dose rate had been so high by the deposit of radioactive materials on the ground by precipitation on March 15.

A much higher ^137^Cs concentration of 60--360 Bq m^−3^ was observed between 18:00 and 22:00 on March 20 at site I in northern Hamadori, 45 km north of the FD1NPP, compared to that in Nakadori ([Fig. 7c](#f7){ref-type="fig"}). The maximum ^137^Cs concentration at site I was approximately 6 times higher than that measured in northern Nakadori, indicating that the fresh radionuclides released from the FD1NPP were also transported by a southerly wind as well as P1, P5 and P6.

P9 (March 21): Transport to Tokyo Metropolitan Area
---------------------------------------------------

After the wind direction shifted from the south to the north near the FD1NPP at 0:00 on March 21, the radioactive materials from the FD1NPP were transported southward off the east coast of the FP. A spatio-temporal distribution of the ^137^Cs concentrations in the TMA from 7:00 to 11:00 clearly indicated that, a plume with higher ^137^Cs concentrations (\> 100 Bq m^−3^) only measured at several sites had a width of about 20 km under a constant northeasterly wind ([Fig. 6d](#f6){ref-type="fig"} and [Fig. S6](#s1){ref-type="supplementary-material"}). Furthermore, the spatial distribution of high ^137^Cs changed every hour, although the ^137^Cs concentrations before 7:00 or after 12:00 were very low at all SPM sites in the TMA. The maximum ^137^Cs concentration was 309 Bq m^−3^ at site 11 at 8:00 when it started raining ([Fig. 6a and b](#f6){ref-type="fig"}, and [Fig. S6](#s1){ref-type="supplementary-material"}), comparable to that observed at site I in northern Hamadori during the previous evening (P8). The radiation dose rate at Tsukuba, however, did not increase sharply, possibly because the site was just located outside of the plume[@b34]. According to the vertical profile of air temperature and wind direction at Tsukuba, a strong temperature inversion layer existed at a height of 250 to 1500 m above sea level at 9:00 on March 21. It strongly suggests that the polluted air masses were transported below the inversion layer, although the thickness of the northeasterly wind in the planetary boundary layer was about 600 m.

Discussion
==========

This study for the first time revealed the hourly transport of atmospheric ^137^Cs from the FD1NPP to the FP and TMA just after the accident, by measuring radionuclides in the SPM collected on filter tapes installed in the SPM monitors. It also showed that site J, only 25 km north of the FD1NPP, had the highest value of the maximum and time-integrated ^137^Cs concentration, 577 Bq m^−3^ and 5647 Bq h m^−3^, respectively, in the early phase after the accident (March 12--23) among all the sites ([Table 2](#t2){ref-type="table"}). At the other sites, however, the ^137^Cs concentrations did not depend on the distance from the FDINPP. Furthermore, the transport of the polluted air masses which was significantly different between the FP and the TMA was strongly controlled by the local/meso-scale meteorological conditions and topography. Thus, the new dataset provides the most reliable data of atmospheric ^137^Cs concentrations for determining the initial value for internal radiation dose rates from inhalation in the early phase after the accident. To evaluate the thyroid cancer risk, the ^131^I concentrations can be estimated spatially and temporally by using the atmospheric concentration ratio of ^131^I to ^137^Cs, which was observed at a few sites in the TMA[@b6][@b7].

In northern Hamadori where high ^137^Cs concentations \>100 Bq m^−3^ were observed in the four periods ([Table 1](#t1){ref-type="table"}), the ^137^Cs deposition densities on the ground were relatively low compared to those in Nakadori where the maximum and time integrated ^137^Cs concentrations were much lower[@b2][@b3][@b4]. The possible reason would be due to no precipitation in northern Hamadori during the four periods except for P3 with the ^137^Cs maximum of 21 Bq m^−3^ on March 15 ([Fig. 2b](#f2){ref-type="fig"} and [Fig. 5b](#f5){ref-type="fig"}).

In contrast, on the morning of March 21, precipitation began at nearly the same time as the transport of the plume to the TMA, and lasted for several hours ([Fig. 6b](#f6){ref-type="fig"}). Consequently, a large amount of radionuclides was possibly deposited on the ground by wet deposition within these several hours, compared to dry deposition on March 15 due to no precipitation. The SPM sites with high time-integrated ^137^Cs concentrations on March 21 in the TMA were consistent with the high ^137^Cs deposition area on the ground in the TMA, which was shown by an airborne monitoring by MEXT[@b35] ([Fig. 8](#f8){ref-type="fig"}). It strongly indicates that the spatio-temporal distribution of ^137^Cs in the atmosphere was the major factor controlling the deposition map of ^137^Cs, because the precipitation amount on March 21 was not so different between the SPM sites located inside and outside of the plume. Thus, more appropriate parameters for dispersion and/or deposition of atmospheric ^137^Cs in atmospheric transport and deposition models can be estimated by validating their simulated results with this new dataset. Furthermore, this hourly dataset with high time-resolution will be useful for evaluating the temporal release rate of ^137^Cs in the source term.

Methods
=======

SPM monitoring sites in eastern Japan
-------------------------------------

The SPM monitors in the air pollution monitoring network of Japan are routinely operated by local governments ([Fig. 1a](#f1){ref-type="fig"}). SPM is hourly collected on filter tapes installed in the SPM monitors to measure the mass concentration of SPM by beta-ray attenuation method. A large amount of the filter tapes used at more than 400 SPM monitoring sites just after Tohoku Earthquakes and Tsunami was collected under the support from each local government in eastern Japan, and the Ministry of Environment, Japan. The SPM monitors in the FP are mainly operated in three populated areas; Nakadori is located at the center of the FP and is surrounded by the Ou Mountains on the west and by the Abukuma Highlands on the east, Hamadori is located along the east coast of the FP, and Aizu in the western FP ([Fig. 1b](#f1){ref-type="fig"}). The Fukushima basin and site A are located in the northernmost part of Nakadori. Radionuclides in SPM were measured at all 16 sites where the used filter tapes were safely stored. In contrast, 24 SPM monitoring sites were selected for radionuclide measurements among all the SPM sites in the TMA located in the Kanto plain ([Fig. 1c](#f1){ref-type="fig"}). The radionuclides in the hourly SPM were measured during March 12--23. In the period of March 12--14 and March 17--19, radionuclides in the SPM were detected at three sites (H--J) in northern Hamadori, because radioactive materials were only transported north or east of the FD1NPP, according to the radiation dose rates and the wind direction. In the period of March 15--16 and March 20--23, however, radionuclides were detected at many sites in the FP and TMA, because the radioactive materials released from the FD1NPP were transported to the FP and TMA, and atmospheric, aquatic, and terrestrial environments in the FP and TMA were subjected by the radioactive materials.

Measurements of radionuclides in SPM collected on filter tapes
--------------------------------------------------------------

SPM less than 10 µm in diameter was automatically collected on the filter tape as a sample spot (11 or 16 mm in diameter) for one hour at a flow rate of 15.0, 16.7 or 18.0 liters m^−1^. The successive SPM measurements lasted for one month or more, with a single roll of filter tape made of glass fiber (GF) or polytetrafluoroethylene (PTFE). To mark the separation between two consecutive days, the same space as that of the sample spot on the filter tape is automatically fed every 24 hours without airflow. This clean space with no SPM is called a blank spot. To measure radionuclides in the SPM collected on a sample spot, the filter tape was cut at the center of a clean portion between two sample spots. After a rectangular piece including the sample spot was wrapped with a weighing paper, it was fixed on a thin plastic plate with a transparent sticker. The sample plate was subjected to gamma-spectrometry with a Ge detector. Efficiencies of the measurement for ^134^Cs and ^137^Cs were determined by preparing the standard samples as follows; first, standard solutions with the certified ^134^Cs and ^137^Cs concentrations were dropped on a paper that was the same size as the sample spot. After drying, the paper was sealed with a transparent and adhesive tape. In addition, a blank spot was measured in the same way as the sample spot. The detection limit of ^137^Cs was approximately 0.1--0.6 Bq m^−3^ for the one-hour measurement, depending on the Ge detectors used in this study. The measurement errors corresponding to the concentration levels for ^137^Cs were 3% for \> 100 Bq m^−3^, 3--5% for 10--100 Bq m^−3^, 5--10% for 2--10 Bq m^−3^, 10--20% for 0.5--2 Bq m^−3^, and 20--60% for 0.1--0.5 Bq m^−3^. The detailed methodology for the measurement of radiocesium has been described elsewhere[@b36].

We checked if the sampling system of the SPM monitors with an inlet tube of a few meters in length at a very low flow rate efficiently collected SPM including radioactive materials. The concentrations of ^137^Cs in the SPM on a GF tape at site 6 were measured one year after sampling ([Fig. 1c](#f1){ref-type="fig"}). At Fukazawa located 2 km southwest of site 6, Tokyo Metropolitan Industrial Technology Research Institute (TMITRI) independently collected hourly atmospheric aerosols on a GF filter just after the accident by a dust sampler without sampling tube at an airflow rate of 600 liters m^−1^, to measure radionuclides[@b37]. The difference in the ^137^Cs concentrations between these two sites was less than 10% in a range of 0.1--60 Bq m^−3^ in the period of 9:00 March 15 to 9:00 March 16 ([Fig. S7](#s1){ref-type="supplementary-material"}). Hence, even using the sampler with a much smaller flow rate of 15 liters m^−1^ than of 600 liters m^−1^, it was possible to achieve very precise measurements of radioactive materials in ambient air. However, the concentration of ^137^Cs derived from filter tapes in the SPM monitors might be underestimated if ^137^Cs-carring aerosols larger than 10 µm in diameter existed in the atmosphere.

Furthermore, we examined the maximum errors for the atmospheric ^137^Cs concentrations due to the following cross-contamination resulted from the filter materials. Hourly sampling of the SPM with a single roll of filter tape in the SPM monitors in Japan usually lasts for one or more months. Consequently, part of the SPM collected on a sample spot may be attached on the backside of the new sample or the blank spot located one round after the previous sample spot. In general, the PTFE filters have much larger effect of the cross-contamination than the GF filters have, because (1) the thickness of the PTFE filters is about 30% of the GF filter thickness, (2) SPM can easily penetrate more deeply inside the GF filters compared with the PTFE filters due to the coarse structure, and (3) the PTFE filters have static electricity. Therefore, we selected a site using the GF filter tape, when two SPM monitoring sites, where different filter materials were used, were located near each other. For the dataset by using the PTFE filters, we carefully checked whether the ^137^Cs concentration of a sample spot corresponding to the spot with the maximum ^137^Cs concentration unreasonably increased or not due to the cross-contamination, when the plume was transported. In addition, the ^137^Cs concentration of each blank spot was measured, because it was usually below the detection limit due to no airflow. From these measurements, the maximum cross-contamination error was estimated to be 3 and 15% of the maximum ^137^Cs concentrations for the GF and PTFE filter tapes, respectively. The PTFE filter tape was only used at one site I among the 16 sites in the FP, and the maximum cross-contamination error was estimated to be only 5% for a ^137^Cs concentration of 121 Bq m^−3^, although it was estimated to be only 1.3% for the maximum concentration of 360 Bq m^−3^ when other plume passed away. In the TMA, on the other hand, the PTFE filter tape was used at 6 SPM sites, and the maximum error due to the cross-contamination was 15% for a maximum ^137^Cs concentration of 29.4 Bq m^−3^ at site 5 ([Fig. 1c](#f1){ref-type="fig"}). At the other sites, it was estimated to be 5.6% (71.3 Bq m^−3^ of the maximum ^137^Cs concentration), 10% (175 Bq m^−3^), 13% (46.9 Bq m^−3^), 4.0% (138 Bq m^−3^), and 7.2% (148 Bq m^−3^), at site 7, 15, 16, 21, and 22, respectively. Thus, the maximum error for the PTFE filter tapes due to the cross-contamination was at random, and not systematic. It could depend on environmental conditions, such as the winding strength of the PTFE filter tape. In conclusion, the cross-contamination error was too difficult to be corrected properly. Hence, the true value of a maximum ^137^Cs concentration at each SPM site with the PTFE filter, could be higher than the measured value, depending on the each cross-contamination error.

Meteorological and radiation dose rate data
-------------------------------------------

A map of wind distribution at a height of 1000 hPa every three hours in March 2011 was used, which was calculated with mesoscale objective analysis by the Japan Meteorological Agency (JMA)[@b38]. In addition, the surface and upper meteorological data were used at the Fukushima, Soma and Tsukuba stations in the Automated Meteorological Data Acquisition System (AMeDAS) network by the JMA ([Fig. 1b and c](#f1){ref-type="fig"}). Furthermore, a map of precipitation was used which was analyzed every 30 minutes by radar and AMeDAS data by the JMA. Hourly radiation dose rates were used, at Momijiyama Park in Fukushima city, and at Minami-soma in northern Hamadori 25 km north of the FD1NPP, in the monitoring post network by the FP[@b33], and at the High Energy Accelerator Research Organization (KEK) in Tsukuba, located 15 km north of the Tsukuba AMeDAS station[@b34].
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![Map of the SPM monitoring sites.\
(a), SPM monitoring sites (open circle) managed and maintained by local governments in eastern Japan before the accident. (b), Map of 16 SPM sites (open circle) in the FP for the ^137^Cs measurement in this study. The site of A and C has 3 and 2 SPM monitoring sites, respectively. (c), Map of 24 sites (open circle) in the TMA for the ^137^Cs measurement in this study. The Fu, S, and T site (black dot) corresponds to the Fukushima, Soma, and Tsukuba meteorological station, respectively. The mapping of a to c was made by using the Generic Mapping Tools (GMT)[@b39] and the topography data of Global 30 Arc-Second Elevation (GTOPO30)[@b40].](srep06717-f1){#f1}

![P1: Spatio-temporal distribution of ^137^Cs concentrations in northern Hamadori during March 12-15.\
(a), Time series of the atmospheric ^137^Cs concentrations at sites H to J in northern Hamadori, during March 12-15. H.E., The hydrogen explosion in reactor unit 1 or 3[@b32]. Horizontal bars show the period with high ^137^Cs concentrations (\> 10 Bq m^−3^). (b), Time series of radiation dose rate (RDR, red line) at the Minami-soma monitoring post near site J, precipitation (P, black and vertical line), wind direction (WD, blue line), and wind speed (WS, green line) at the Soma meteorological station near site I, during March 12--15. The right vertical axis is only for precipitation. (c), Atmospheric ^137^Cs concentrations (colored dot) at four sites (A, H, I, and J) and wind vectors (black arrow) at 1000 hPa at 21:00 (JST), March 12, 0:00 and 3:00, March 13. The mapping of c was made by using the GMT[@b39] and the topography data of GTOPO30[@b40]. Two-dimensional wind vectors at 1000 hPa superimposed on c were made from the wind dataset of mesoscale objective analysis[@b38] by using wgrib2[@b41] and GMT[@b39].](srep06717-f2){#f2}

![P2 and P4: Spatio-temporal distribution of ^137^Cs concentrations in TMA during March 15-16.\
(a), Time series of the atmospheric ^137^Cs concentrations at 4 SPM sites (9, 11, 12, 15) in the TMA during March 15--16. Horizontal bars show the period with high ^137^Cs concentrations (\> 10 Bq m^−3^). (b), Time series of the radiation dose rate (RDR) at Tsukuba[@b34], precipitation (P), wind direction (WD), and wind speed (WS) at the Tsukuba meteorological station near site 11 and 12, during March 15--16. (c), Atmospheric ^137^Cs concentrations (colored dot) at 24 sites (1 to 24) and wind vectors (black arrow) at 1000 hPa at 9:00 (JST), March 15. (d), The same as c, but 9:00 (JST), March 16. The mapping of c and d was made by using the GMT[@b39] and the topography data of GTOPO30[@b40]. Two-dimensional wind vectors at 1000 hPa superimposed on c and d were made from the wind dataset of mesoscale objective analysis[@b38] by using wgrib2[@b41] and GMT[@b39].](srep06717-f3){#f3}

![P3: Time series of ^137^Cs concentrations during March 15-16 in the FP.\
(a), The maximum ^137^Cs concentration with the colored dot. The number is the time (hour) of the maximum ^137^Cs on March 15 during the plume arrival at A to G in Nakadori and at H to J in northern Hamadori. The wide arrows show typical transport pathways of radioactive materials to southern Nakadori in the morning, and northern Nakadori in the afternoon from the FD1NPP according to the wind patterns[@b38]. The mapping of a was made by using the GMT[@b39] and the topography data of GTOPO30[@b40]. (b), Time series of atmospheric ^137^Cs concentrations at sites C to G in southern Nakadori. (c), The same as b, but at sites A and B in northern Nakadori, and at I and J in northern Hamadori. (d), Time series of radiation dose rate (RDR) at the Momijiyama monitoring post located near site A, precipitation (P), wind direction (WD), and wind speed (WS) at the Fukushima meteorological station. The ^137^Cs concentrations at sites A and C are an average ^137^Cs concentrations at 3 and 2 sites located within 3 km each other, respectively. Horizontal bars in b and c show the periods with high ^137^Cs concentrations (\> 10 Bq m^−3^).](srep06717-f4){#f4}

![P5 and P6: Spatio-temporal distribution of ^137^Cs concentrations in northern Hamadori during March 18-21.\
(a) and (b), The same as [Fig. 2a and b](#f2){ref-type="fig"}, but during March 18-21. (c), The same as [Fig. 2c](#f2){ref-type="fig"}, but at 15:00 (JST), 18:00, and 21:00, March 18. The mapping of c was made by using the GMT[@b39] and the topography data of GTOPO30[@b40]. Two-dimensional wind vectors at 1000 hPa superimposed on c were made from the wind dataset of mesoscale objective analysis[@b38] by using wgrib2[@b41] and GMT[@b39].](srep06717-f5){#f5}

![P7 and P9: Spatio-temporal distribution of ^137^Cs concentrations in TMA during March 20-21.\
(a), The same as [Fig. 3a](#f3){ref-type="fig"}, but at 5 sites (9, 10, 11, 12, 15) during March 20-21. (b), The same as [Fig. 3b](#f3){ref-type="fig"}, but during March 20-21. (c), The same as [Fig. 3c](#f3){ref-type="fig"}, but at 15:00, March 20. (d), The same as c, but at 9:00, March 21. The mapping of c and d was made by using the GMT[@b39] and the topography data of GTOPO30[@b40]. Two-dimensional wind vectors at 1000 hPa superimposed on c and d were made from the wind dataset of mesoscale objective analysis[@b38] by using wgrib2[@b41] and GMT[@b39].](srep06717-f6){#f6}

![P8: Time series of ^137^Cs concentrations during March 20-21 in the FP.\
(a) to (d), The same as [Fig. 4a to d](#f4){ref-type="fig"}, but during March 20-21. The wide arrows show typical transport pathways of radioactive materials to northern Nakadori in the afternoon and to northern Hamadori in the evening from the FD1NPP according to the wind patterns[@b38]. The red arrow in a indicates the transport pathway of the polluted air masses with the maximum ^137^Cs concentrations when the wind direction shifted from the south to the north in the night. The mapping of a was made by using the GMT[@b39] and the topography data of GTOPO30[@b40].](srep06717-f7){#f7}

![Time-integrated atmospheric concentrations and deposition map for ^137^Cs in the TMA.\
A spatio-distribution of time-integrated atmospheric ^137^Cs concentrations (colored dot) on March 21 at 22 sites in the TMA, is superimposed on the ^137^Cs deposition map, which is composed of 12 extension site maps (Site No. is 5339-C, 5339-D, 5340-A, 5340-B, 5340-C, 5340-D, 5439-C, 5439-D, 5440-A, 5440-B, 5440-C, and 5440-D) in airborne monitoring by MEXT[@b35]. The deposition density of ^137^Cs converted as of September 18, 2011 was used. The colored circles were made by using the GMT[@b39]. The mapping of the figure, combining 12 site maps into one figure, and on which the colored circles were put, was made by using the Adobe Photoshop CS6.](srep06717-f8){#f8}

###### Days and areas of the transport of polluted air masses (P1 to P9) with high ^137^Cs

        Day of March, 2011   Area                                          
  ---- -------------------- ------ --- --- --- --- --- --- --- --- --- --- ---
  P1            •                                               •            
  P2                                    •                                   •
  P3                                    •                       ○   •        
  P4                                        •                               •
  P5                                                •               •        
  P6                                                    •           •        
  P7                                                        ○               ○
  P8                                                        •   •   ○        
  P9                                                            •           •

![](srep06717-t1)

No., Number of major plume transport from the FD1NPP just after the accident; N., Northern; TMA, Tokyo Metropolitan Area; The maximum ^137^Cs concentration\>100 Bq m^−3^; ○, The maximum ^137^Cs concentration\<100 Bq m^−3^; →, High ^137^Cs concentrations continued to the following morning.

###### Range of maximum and time-integrated ^137^Cs concentrations in the polluted air masses during March 12-21, 2011

  Area               Distance from   Range of atmospheric ^137^Cs concentration                                                                     
  ----------------- --------------- -------------------------------------------- ----------------------- ------------------ ----------------------- -----------
  N. Nakadori (2)       55--60                                                     [21--138 (5)]{.ul}                           49--68 (16--18)      493--940
  S. Nakadori (5)       60--80                                                    [28--330 (1--6)]{.ul}                          13--81 (2--9)       357--715
  N. Hamadori (3)       25--55                    157--577 (5--11)                [\<1--21 (0--2)]{.ul}   108--438 (3--10)     108--360 (4--15)      911--5647
  TMA (H-P9) (13)      170--210                                                       7--175 (0--5)                          [68--309 (1--4)]{.ul}   216--970
  TMA (L-P9) (11)      170--210                                                       8--84 (0--5)                            [5--39 (0--5)]{.ul}    105--428

N., Northern; S., Southern; TMA, Tokyo Metropolitan Area; H-P9, Maximum ^137^Cs\> 50 Bq m^−3^ in P9; L-P9, Maximum ^137^Cs\< 50 Bq m^−3^ in P9; Duration, Total hours when the ^137^Cs concentration lasted to be more than 10 Bq m^−3^; Time-integrated concentrations for 4 or 9 days, The sum of hourly atmospheric ^137^Cs concentrations for 4 days (Mar. 15-16 and Mar. 20-21) in N. and S. Nakadori and the TMA, or for 8 days (Mar. 12-21 except for 2 days of March 14 and March 17) in N. Hamadori; Under bar, Precipitation during the period in the area.
